Negatively buoyant pelagic animals such as the Antarctic krill (Euphausia superba) must maintain their position in the water column through a constant downward transfer of momentum to the surrounding fluid. Antarctic krill, which operate in a low-to-intermediate Reynolds number regime, hover by beating their pleopods (or swimming legs) in a metachronal wave from back to front. The objective of this paper is to examine how hovering in Antarctic krill is facilitated by the flow produced by a metachronal stroke pattern. A high-speed tomographic particle image velocimetry system was used to measure both the flow around the pleopods and in the wake. The flow measurements and actuator disk theory were used to estimate the energy required for hovering in Antarctic krill. Lift-generating tip vortices were found on the pleopod exopodites. These vortices, as well as pleopod spacing and exopodite kinematics, integrate the design and kinematics of the appendages with the resulting flow to make the metachronal swimming system used by the krill an effective tool to generate lift for hovering. The Strouhal number (St) of most drag-based paddlers, such as the Antarctic krill, was found to fall within the range of 0.2!St!0.4. Whereas it is known that an efficiency peak for lift-based locomotion lies in this St range, it is hypothesized here that a similar efficiency peak exists for metachronal drag-based locomotion.
Introduction
[1] Pelagic animals must contend with the constant downward force of gravity to maintain their position in the water column. Some species, such as Antarctic krill, store low-density lipids at an intracellular level to increase buoyancy (Pond 2012) . However, lipid storage as a portion of dry mass in Antarctic krill varies dramatically throughout the year and may range from less than 10% in early summer to almost 50% at the beginning of winter (Hagen et al. 1996; Falk-Petersen et al. 2000) . Without the benefit of many lipids during the austral summer, the Antarctic krill must expend extra energy to compensate for its high density solely through swimming (Atkinson et al. 2002) .
[2] Kils (1981) investigated the swimming behavior and energetics of Antarctic krill and showed that its unique swimming system was finely tuned to counterbalance its excess weight. An Antarctic krill swims by metachronally beating its five pairs of pleopods in a back-to-front pattern. Each biramous pleopod spreads its two segments (the endopodite and exopodite) to drag flow backward during its power stroke and contracts and folds the distal leg segments to minimize its surface area during the recovery stroke. Flow is thereby propelled posterior to the animal. During hovering, the krill's body angle relative to the surface is in the range of 258-508, and water is pushed downward in a jetlike flow to provide weight support. Hovering seems to be a common behavior among Antarctic krill, both in aquaria (Kils 1981; Endo 1993 ) and when feeding in the wild (Marschall 1988) . Understanding the hydrodynamics of this unique behavior thus can provide insight into Antarctic krill energetics.
[3] The hydrodynamics of drag-based propulsion via a traveling wave of appendages is interesting from a fluid physics standpoint. The forces and flows induced by a single paddling appendage (or appendage model) have been studied theoretically and experimentally in the low-to-intermediate Reynolds number (Re) regime characteristic of many drag-based swimmers (Walker and Westneat 2000; Kim and Gharib 2011; DeVoria and Ringuette 2012) . In particular, recent experimental work with rotating flat plates has shown that (depending on Re) vortices forming around the plate may also play a role in thrust generation (Kim and Gharib 2011; DeVoria and Ringuette 2012) . The hydrodynamic effect of multiple appendages paddling in series, however, has not been experimentally examined in the same way (i.e., with physical models) and is much less well understood. In the biological realm, several investigations have provided insight into this type of flow, although most have focused on investigating the jetlike flow found in the animal's wake rather than on the flow around the appendages (Yen et al. 2003; Lim and DeMont 2009; Catton et al. 2011) . One exception is the study of lobster pleopod beating (in a mechanically actuated lobster exoskeleton) by Lim and DeMont (2009) in which they also examined flow generated by the pleopods. Lobsters, however, are a benthic species, and these flows were influenced by the presence of a bottom substrate. Other confounding factors in previous studies of metachronally produced flow have been animal tethering (which affects the flow by artificially reducing the animal's speed to zero), insufficient spatial or temporal resolution, differences in animal swimming modes (hovering vs. forward swimming), and two-dimensional flow measurements (Yen et al. 2003; Catton et al. 2011.) [4] The objective of this paper is to examine how hovering in Antarctic krill is facilitated by the flow produced by a metachronal stroke pattern. Using a volumetric flow measurement system, the flow near the pleopods and flow in the wake were examined with high spatial and temporal resolution around free-swimming animals. Furthermore, flow measurements and induced power theory were used to estimate the energy required for hovering in Antarctic krill. It was hypothesized that hovering with a metachronal stroke pattern increases the efficiency of this drag-based swimming technique.
Materials and Methods

Experiment Description
[5] Antarctic krill were collected at 64.98 W-64.48 S on 30 January 2012 aboard the R.V. Laurence M. Gould by using a 2 · 2-m, square frame net with a 700-mm mesh towed obliquely from the surface to a depth of 120 m. Thirty krill were then moved to five 4-L screw-capped widemouthed bottles for transit to Atlanta, Georgia, USA. Water temperature during the week-long transit was recorded by a data logger and did not exceed 2.7 8C. Eight krill appeared active and healthy on arrival and ranged in length from~20 mm to 43 mm (eyeball tip to end of telson). In Atlanta, the krill were kept in buckets of artificial seawater (salinity of 35 ppt) in an environmental chamber at 0.1 8C and fed from a culture of Tetraselmis phytoplankton and Artemia salina nauplii.
[6] Tomographic particle image velocimetry (PIV) flow measurements of free-swimming animals were conducted over a period of 1 wk. Six to eight animals were transferred from the environmental chamber to an aquarium of chilled seawater in a laboratory at room temperature. The hexagonal aquarium measured 15 cm to a side, with a height of 50 cm (~29 L) and was covered with foam insulation to slow the temperature increase. Rectangular cutouts in the foam allowed camera and laser access. Water temperature and salinity were carefully monitored during the 2-to 3-h long experiments. The flow was seeded with 11.7-mm diameter hollow glass sphere particles (Potters Industries, USA).
[7] Free-swimming krill were filmed at 400 frames per second (fps) with a tomographic PIV system (Murphy et al. 2012 ; see Fig. 1 ), consisting of four high-speed Phantom v210 cameras (1280 · 800 pixels, Vision Research, USA). Each camera was equipped with a 105-mm focal length Micro Nikkor lens (Nikon, Japan) and a Scheimpflug mount to correct for off-axis viewing distortion (which was lessened by having a fairly perpendicular view through the walls of the hexagonal aquarium). Cameras viewed a region (80 mm wide · 50 mm tall) in the center of the aquarium. Data collection was manually triggered when an animal swam into the field of view of the cameras. Image acquisition was controlled through DaVis software (LaVision, USA) on a laptop personal computer and was synchronized by a high-speed controller that generated timing signals for the four cameras.
[8] The volume of interest was illuminated by two continuous-wave 7-W lasers (CrystaLaser, USA) operating with a near-infrared wavelength (808 nm). The krill did not appear to react to this wavelength of light. The two lasers were situated colinearly on opposite sides of the aquarium to prevent shadowing of the particles by the presence of the animal (Fig. 1) . For each laser, the beam was expanded and collimated by using spherical plano-concave and biconvex lenses, and an adjustable aperture was used to create a beam with a rectangular cross-section of~50 · 16 mm (height · width). The beam "width" defines the depth of the illuminated interrogation volume from the view of the four cameras. The positive z-axis is defined as pointing toward the four cameras, with the x-and y-axes defined as horizontal and vertical, respectively, in the imaged plane.
Data Analysis
[9] One extended data sequence taken at 400 fps that was representative of normal hovering was chosen for analysis and was divided into two sequences for separate processing and analysis. In this sequence, an Antarctic krill (length of 43 mm) enters the field of view from below (facing away from the four cameras) and slowly swims vertically upward and horizontally away from the cameras. It thus passes through the laser volume until only its posterior is still illuminated. The first data sequence (151 frames or 0.3775 s) comprised one complete stroke cycle (beginning with the power stroke initiation by the fifth pleopod) and was examined to investigate the flow around the pleopods. Pleopods are numbered one through five (anterior-posterior) and are designated P1 through P5. The second data sequence (360 frames or 0.9 s) began 200 ms later; it began during the middle of the fourth pleopod's power stroke and lasted slightly less than three stroke cycles. The krill had moved up since the first data sequence, and so the focus of this second sequence was the jetlike wake produced beneath the krill.
[10] Volume self-calibration was iteratively performed to correct for errors in the calibration (Wieneke 2008) . Images were reconstructed into a light intensity volume by the MART (multiplicative algebraic reconstruction technique) algorithm in DaVis. In the first sequence a volume of fluid surrounding the animal (measuring 46 · 54 · 19.5 mm) was reconstructed. The krill was masked before cross-correlation by manually tracing its outline in each of the four simultaneous images and creating a visual hull mask by using the Multiplicative Line of Sight (MLOS) scheme (Adhikari and Longmire 2012; Murphy et al. 2012) . Example graphical realizations of the visual hull are shown in Fig. 2 . Because of the animal position, the volume in front of the krill telson was in the "shadow" of the visual hull and, therefore, was unavailable for velocity measurements. [11] In the second sequence only the volume beneath the krill was reconstructed. To locate the flow region in relation to the krill above it, a visual hull of the hovering animal was also reconstructed. The maximum vertical position of the reconstruction was increased at eight discrete steps through the time series (~every 50 frames) to capture flow directly beneath the upwardmoving telson. The reconstructed volume began with a dimension in the y-direction of 8 mm and ended with a dimension of 16 mm.
[12] In both sequences, consecutive light intensity volumes (i.e., volumes containing illuminated particle positions) were cross-correlated with a window size of 32 cubic pixels and an overlap of 75%. The resulting vector field had vector spacing of~0.5 mm. The second sequence was used to estimate the error associated with the tomographic PIV measurements, particularly the calculation of viscous dissipation rate described below. As noted by Scarano and Poelma (2009) Actuator Disk Theory [13] Hovering is a unique behavior since the underwater weight of the negatively buoyant animal is entirely balanced by the rate at which it transfers momentum downward through the beating of its pleopods. This equivalence allows the application of actuator disk theory to estimate the induced power necessary to support hovering (Blake 1979; Alexander 2003) . This theory, originally applied to helicopters (Johnson 1994) , has previously been applied to hovering in flying insect and bird species (e.g., Pennycuick 1968; Ellington 1978; Rayner 1979) and to a benthic fish (e.g., Blake 1979) but never before to a hovering pelagic animal such as a krill.
[14] An actuator disk, illustrated in Fig. 3 , may be considered an idealized device that causes a local increase in pressure in a stream of fluid passing through it. For the purpose of krill hovering, the pleopods function as five pairs of actuator disks. Integrating the pressure difference over the total pleopod area A then equals the upward thrust force T necessary for the animal to support its underwater weight W U . Far upstream of the pleopod actuator disk, the velocity is zero and the pressure is p 0 . Water passes through the actuator disk at some induced velocity v ind . On the upper side of the actuator disk, the pressure falls to p 1 because of increased velocity compared with the far upstream position (Bernoulli's principle). On the bottom side of the disk, pressure increases to p 2 because of the action of the actuator disk. In the wake far beneath the animal, the velocity becomes v w and the pressure returns to p 0 . Hydrostatic effects due to elevation changes are considered negligible.
[15] Bernoulli's equation can be applied between a location far above the animal (p ¼ p 0 and v ¼ 0) and the top of the actuator disk (p ¼ p 1 and v ¼ v ind ), resulting in
Applying Bernoulli's equation from just below the actuator disk (p ¼ p 2 and v ¼ v ind ) to a location in the wake far beneath the animal (p
Combining Eqs. (1) and (2) gives
The difference in pressure between p 1 and p 2 acts over the area of the pleopods A to support the underwater weight of the animal W U , which is equal to the thrust T, as seen here:
The rate of mass flow through the actuator disk is _ m ind Z rAv ind . The rate at which vertical momentum is transferred to the water (the product of the mass flow rate and the vertical velocity component), which must equal the animal's underwater weight, is then
Equating Eqs. (4) and (5) for underwater weight W U shows that
Substituting Eq. (6) into (5) and solving for v ind yields
Calculating the rate at which kinetic energy (KEZ 1 2 mv 2 w ) is added to the water yields the induced power P ind ,
Substituting Eqs. (6) and (7) into Eq. (8) yields an expression for induced power in terms of the animal's underwater weight, pleopod area, and water density:
[16] The pleopod area of the hovering krill considered here could not be measured directly from any of the four images from the tomographic PIV system. Instead, the pleopod area was based on morphological measurements of the five endopodites for the samesized animal (43 mm in length) from Murphy et al. (2011) and on kinematics measurements of the current data set. Fig. 4 shows that the area of each pleopod was modeled as a circular sector where the radius is the measured endopodite length. The arc angle is the maximum angle between the endopodite and exopodite during the power stroke (g ¼ 538) as measured on the krill visual hull reconstruction. This model does not include the protopodite area because its effect on the flow dragged down during the stroke is likely minimal. Table 1 shows endopodite lengths and modeled pleopod .
Results
Krill Kinematics
[17] One of the difficulties of analyzing the flow produced by the krill is that its body is moving threedimensionally over time. To provide a reference point, the central tip of the reconstructed telson (tail) was tracked in the second data sequence at 0.05-s intervals.
The time points at which pleopod power strokes began and ended were also noted. Fig. 5 shows the krill speed as a function of time in relation to the power stroke periods of the individual pleopods. Only the first two periods are shown because the pleopods exited the measurement volume with increasing time. Pleopod one could not be seen in all of the PIV images and hence was not included in the figure.
[18] The krill translated upward and away from the cameras (in the negative z-direction) at a mean speed of 13 mm s -1 . With a body length of 43 mm (eyeball to telson tip), the krill moved at a normalized speed of~0.25 body lengths per second. This value, along with the inclined body angle (508), places the displayed swimming behavior within the hovering swimming gait identified by Murphy et al. (2011) . Periodic increases in krill speed (notable at times of 0.2 and 0.6 s in Fig. 5 ) seem to correspond to the onset of the third pleopod stroke. The middle pleopods usually are longer and thus provide a more powerful stroke than the outer pleopods (P1 and P5). This trend also has been observed in metachronally stroking remipedes (Kohlhage and Yager 1994) .
Flow Fields Surrounding Moving Pleopod
[19] Fig. 6 shows a series of flow fields in the medial plane of the krill throughout the power stroke of pleopod four in 30-ms intervals. In the first panel (t ¼ 0.1 s), the fifth pleopod has just completed its power stroke, and the flow created by its motion is directed downward, following the path of pleopod five, at speeds up to 30 mm s -1
. Pleopod four is, therefore, beginning its power stroke into fluid that is already being convected downward. In the second panel (t ¼ 0.13 s), flow with speeds up to 24 mm s -1 is present in the wake of pleopod four, the tip speed of which is~50 mm s -1
. Also evident in this frame is upward curvature of the exopodite in response to resistive fluid forces. The endopodite apparently is more rigid and does not exhibit as much bending. The flow dragged behind the fifth pleopod continues to strengthen as that pleopod is pulled toward the body in the beginning of its recovery stroke. The flow generated by pleopod four continues to strengthen in the third panel (t ¼ 0.16 s), with peak speeds of 35 mm s [20] For comparison, flow at the power stroke completion of the more powerful third pleopod (t ¼ 0. 305 s) is shown in Fig. 7 . The vertical position of the krill Table 1 Endopodite lengths (Murphy et al. 2011 ) and modeled areas (for both pleopods in a pair) for a 43-mm long krill. Pleopods are numbered one through five, anterior to posterior, and are abbreviated P1-P5. Visible in the raw PIV images, the downward motion of the pleopod pushes fluid in front of and to the side of the pleopod (i.e., away from the krill body). Fluid also is entrained in the wake of the pleopod. The net result of these combined fluid motions is a vortex (Fig. 8 ).
Jet Flow
[22] The second data sequence was processed to examine the jetlike flow underneath the animal. Fig. 9 shows flow in the krill's medial plane. The velocity vectors generally are angled down and backward at~158 from vertical, which is consistent with the krill moving forward slightly over time. The influence of the telson in directing the flow can also be seen. The telson tip (which projects downward at z ¼ 0 mm) provides a posterior edge to guide the jet.
[23] To analyze the development of the wake over time and space, two y-planes at different distances beneath the animal were examined in more Fig. 6 Flow fields in the krill medial plane at time points during the power stroke of pleopod four. Pleopods operate at a Reynolds number on the order of 100, where Re is defined as Re ¼r V tip L /m , V tip is the maximum speed of the pleopod tip, L is the pleopod length, r is seawater density, and m is dynamic viscosity of seawater. Color contours represent velocity magnitude while arrows additionally represent flow direction (in the plane). Pleopods four and five (P4 and P5) and pleopods three and four (P3 and P4) are labeled in A and C respectively. The exopodite (Exo) and endopodite (Endo) of pleopod four are labeled in B. detail. The proximal plane was positioned 2 mm below the tip of the telson and the distal plane was located 10 mm beneath the proximal plane. The positions of these planes relative to the krill reconstruction are shown in Fig. 10 . Because the krill moves vertically with time, the y-location of each plane was different at each time point and was based on tracking of the telson tip. Further, horizontal movement of the krill precluded selection of a single point from which to extract relevant velocity data. The maximum velocity magnitude in each extracted (horizontal) plane was therefore chosen as a representative velocity value.
[24] Fig. 11 shows the time record of the maximum velocity magnitude for the proximal and distal planes beneath the hovering krill for slightly less than three stroke cycles. At 2 mm beneath the telson tip, proximal flows range cyclically from 35 mm s -1 to 55 mm s , and the periodicity is phase-shifted relative to the proximal flow (corresponding to the 10-mm separation between the planes).
Discussion
Flow Features
[25] The flow generated by a stroking appendage in low Re drag-based propulsion has not previously been measured with the current level of temporal or spatial resolution. Several features that integrate the mechanical design and kinematics of the appendages with the resulting flow combine to make the metachronal swimming system used by krill an effective tool to generate lift for hovering. These include pleopod spacing, exopodite kinematics, and the formation of tip vortices on the pleopod exopodites.
[26] Pleopod Spacing. As noted by Murphy et al. (2011) , the ratio of the appendage spacing B to appendage length L is largely conserved across a wide variety of species stroking their appendages in a metachronal pattern within a range of 0.2!B/L!0.65. The ratio may reflect a balance between the minimum space required for each appendage to perform an effective stroke and mitigation of interference between adjacent appendages. It may also signal an energetic benefit gained by hydrodynamic interaction between adjacent paddles. In the case of Antarctic krill hovering, each pleopod is sweeping into fluid that is already being convected downward as a result of the previous pleopod's stroke. As the krill body is not moving significantly during hovering, the metachronal sequence seems to allow the downward flow generated by the pleopods to be maintained at a higher speed than would be possible with other stroking patterns. Consistently, Alben et al. (2010) mathematically modeled the metachronal stroke of fast forward swimming euphausiids in comparison to other stroking patterns and found that the metachronal pattern gave the fastest average body speed. As found for rowers practicing an antiphase stroke pattern, the elimination of the velocity fluctuations inherent to a synchronous (as opposed to metachronal) stroke resulted in increased power available for propulsion (de Brouwer et al. 2013 ). The interappendage spacing in relation to the appendage length seems therefore to be a critical design parameter allowing adjacent appendages to interact hydrodynamically in a manner allowing efficient force production.
[27] Exopodite Kinematics. The kinematics of the exopodites, specifically the cupping morphology of the pleopods, as well as their flexibility, also likely contribute to enhanced force production by individual appendages. During the latter half of the power stroke, the exopodites are adducted medially toward the endopodites to form a V-shaped structure, as shown in the fifth pleopod pair in the volumetric reconstruction of the Antarctic krill in Fig. 2 (lower right panel) . This type of cupping is also seen in the pectoral and caudal fins of fishes, and cupping in a robotic caudal fin fish model was found to produce greater thrust than other profiles (Lauder and Madden 2007; Esposito et al. 2012) . Furthermore, as the exopodites are drawn together at the end of the power stroke, they may squeeze fluid downward in a jet (although this volume was not accessible during the current experiments due to the shadow of the visual hull). Finally, Kim and Gharib (2011) found that flexible plates produced greater thrust than rigid plates. The pleopods of Antarctic krill are flexible as well, as evidenced by the bending exopodites (Fig. 6) , and it is expected that this flexibility contributes to force production. These mechanisms likely play a role in augmenting force production for the Antarctic krill during hovering.
[28] Pleopod Tip Vortices. One of the most interesting flow features revealed in the volumetric flow measurements is the formation of tip vortices on the Fig. 11 Maximum velocity magnitude as a function of time in proximal (i.e., 2 mm beneath the krill) and distal planes (i.e., 12 mm beneath the krill) during slightly less than three stroke cycles. The location of the planes is shown in Fig. 10. pleopods (Fig. 8) , a feature previously only seen in scaled appendage models (Kim and Gharib 2011) . Vortex formation is important in this context because the rate of change of vortex circulation and area enclosed by the vortex are related to thrust generation (Wu 1981; Kim and Gharib 2011) . Using a defocusing PIV system (similar to the tomographic PIV system used here) to acquire phase-averaged volumetric flow data, Kim and Gharib (2011) investigated the formation of vortices on rotating plates (meant to mimic a drag-based power stroke) at Re of 140 and 19,720 (calculated using the tip speed and paddle length). Based on a pleopod length of 6.5 mm and an exopodite tip speed of 95 mm s -1 , the Re of the flow under study here is~340. Furthermore, the delta-shaped model used by Kim and Gharib (2011) closely resembles the euphausiid pleopod morphology when the exopodites are extended during the power stroke; their work with this paddle at the lower Re (140) therefore provides an appropriate point of comparison.
[29] In the current work, vortices were associated with the lateral exopodites but not with the medial endopodites. Similarly, Kim and Gharib (2011) showed that the side vortices on their delta model were much larger than the tip vortex. The tip vortex also was shed from the paddle by flow down the paddle length. A possible reason why the tip vortices were not present in the current work is that the medially located endopodites were stroking into fluid already set in motion by the stroke of the previous pleopod. The difference in speed between the endopodite tip and the surrounding flow was therefore minimal. The exopodites, in contrast, were stroking laterally into relatively still fluid and therefore had a larger differential speed, which is more conducive to vortex formation. These vortices therefore likely contribute to the vertical force necessary for hovering. One difference is that krill pleopods are covered with fine setae, which effectively increase its surface area, whereas the plates used by Kim and Gharib (2011) were not. Since many animals operating in this low Re regime have hairy appendages (Wootton 1999) , it would be interesting to investigate the effect of a setae-covered surface (compared with that of a rigid, clean surface) on the formation of vortices.
Wake Signature
[30] Although jet propulsion is common among aquatic organisms, the jet flow produced by the hovering Antarctic krill in this study is different in several aspects. Salps, squids, and hydromedusae produce pulsed jets through the compression of internal cavities (Anderson and Grosenbaugh 2005; Dabiri et al. 2006; Sutherland and Madin 2010) . Because the animal must relax to draw more fluid into its cavity, the jet production cycle is necessarily rhythmic, and jet production has often been associated with low swimming efficiency (Alexander 2003) . Vortex rings, which often form as a result of a pulsed jet, may be tuned, however, to increase locomotion efficiency (Dabiri et al. 2006) .
[31] The jet produced by a hovering Antarctic krill, in contrast, is not pulsed. Instead, it has an oscillatory component superimposed on a steady component. At a location just below the telson, the steady component is~45 mm s -1 , whereas the oscillatory component has a peak-to-trough magnitude of~20 mm s -1 (Fig. 11) . Farther downstream, both the steady and oscillatory components are smaller and are phase-shifted relative to the upstream location (Fig. 11) . This pattern is similar to that seen by Lim and DeMont ( , had stabilized to a value of~100 mm s -1 . Krill are known to sense flow oscillation over the same range of frequencies at which their pleopods beat, and the type of oscillatory flow shown here likely provides an important hydrodynamic cue for finding conspecifics and for synchronizing pleopod beat rates (and thus swimming speed) while swimming in organized schools (Patria and Wiese 2004; Catton et al. 2011 ).
Strouhal Number Comparison
[32] The Strouhal number characterizes a flow with an oscillatory component and is defined as
where f is the frequency, A is a characteristic length, and V is a characteristic flow speed. St is remarkably consistent, within a range of 0.2!St!0.4, for a wide variety of swimming fish and cetaceans and flying birds, bats, and insects when swimming or flying at their "cruising" or self-selected speed (Triantafyllou et al. 1993; Taylor et al. 2003; Rohr and Fish 2004) . Furthermore, St within this range have been linked to high locomotion efficiency in heaving and pitching foils, and the fluid dynamic mechanism by which this occurs is the formation of a reverse Kármán street in which the time average of the vortices shed from the foil form a jet (Triantafyllou et al. 1993; Anderson et al. 1998) . Oscillating foils outside of this St range create a regular Kármán vortex street in which the vortices interact destructively (St!0.2) or form more complicated patterns where the breakdown of vortex symmetry produces no useful thrust (StO0.4) (Godoy-Diana et al. 2008; Schnipper et al. 2009 ).
[33] Whereas the St and associated fluid flow patterns have been thoroughly investigated for swimming and flying species that use lift-based locomotion (Taylor et al. 2003; Rohr and Fish 2004) , the St of drag-based propulsion has not been explored. Antarctic krill, while operating at a Re high enough to use liftbased locomotion (Alben et al. 2010) , are thought to primarily employ drag-based locomotion techniques. As seen in this study, however, vortex formation plays a role in krill paddling (Fig. 8) , and it may therefore be appropriate to employ the St to describe metachronally paddling organisms. Although the hydrodynamic mechanism would no doubt differ from that of liftbased propulsion, a high-efficiency St range may exist for lower Re paddling propulsion as well.
[34] To apply the St to krill swimming, the beat frequency serves as f, and the excursion of the pleopod tip from stroke beginning to end serves as the characteristic length A, defined as AZ 2L sin a=2, where L is the pleopod length and a is the stroke amplitude as defined in Murphy et al. (2011) . Identification of the characteristic speed in the case of the krill hovering examined here is not straightforward, however, since animal speed is usually taken as the characteristic velocity. On this issue, Triantafyllou et al. (1993; p. 209) state that there are cases "such as hovering foils, where the only relevant velocity is the maximum jet velocity, which must then be used in the definition of St." Using a stroke frequency f of 2.8 Hz, an appendage length L of 6. 5 mm, a stroke amplitude a of 658, and a wake flow speed of v w ¼ 55 mm s -1 results in St of 0.36, which falls inside the high-efficiency range of 0.2!St!0.4.
[35] Using published values, the St also was calculated for other metachronally paddling species. Some species were essentially stationary like the hovering Antarctic krill in this study whereas others were swimming forward. For the stationary organisms, the maximum wake speed v w was used as the characteristic speed to find a "wake speed" Strouhal number St ws , whereas the swimming speed v s was used to find a "swimming speed" Strouhal number St ss for the swimming species. As seen in Table 2 , in almost all cases the St (either St ss or St ws ) of these species falls within the range of 0.2!St! 0.4. The one outlier, the penaeid shrimp Sergestes similis, has antennae that are three times the length of its body; Table 2 Strouhal number based on swimming speed for translating animals (St ss ) and wake speed for stationary animals (St ws ) for a variety of species employing dragbased locomotion. All species here use metachronal locomotion. Barlow et al. 1993 these produce considerable drag that would decrease its swimming speed (and thus increase its St) (Cowles 1994) .
[36] The St for the Antarctic krill across its range of swimming speeds was also investigated. At some increased rate of movement, the swimming speed will become a more relevant characteristic velocity than the maximum jet speed in the animal's wake. The St was investigated in relation to normalized swimming speed by plotting St calculated from both wake speed (St ws ) and swimming speed (St ss ) over a range of krill swimming speeds and beat frequencies. Animal swimming speeds, wake flow speeds, and corresponding beat frequencies were taken or estimated (for a 43-mm krill) from the current work, Kils (1981) , Catton et al. (2011), and Murphy et al. (2011) . Fig. 12 shows that St ss and St ws intersect at approximately the normalized swimming speed at which the pleopod swimming stroke becomes fully developed (between one and two body lengths per second); greater speeds are then achieved solely through increased beat frequency (Kils 1981; Murphy et al. 2011) . Therefore, we suggest that it is appropriate to use St ws for normalized speeds of less than two body lengths per second and St ss for speeds greater than that. The St for Antarctic krill swimming then would lie within the 0.2!St!0.4 range for the entire span of its swimming capabilities, thus raising the question of whether Antarctic krill are well adapted, from an energetics perspective, for both hovering and fast forward swimming (Hovering is defined here as swimming at a normalized speed of less than half of a body length per second with a body angle relative to the surface of 258-508; Murphy et al. 2011) . To understand this question and the question of why the St is nearly constant across a wide variety of species, a better understanding of paddle-produced flow operating at various St is needed. A parametric study similar to that by Anderson et al. (1998) for drag-based paddle swimming would identify whether or not there is a hydrodynamic mechanism creating an efficiency peak at certain combinations of stroke frequency and amplitude, appendage length, and swimming speed. Furthermore, the role of metachrony may be essential in this hypothesized hydrodynamic mechanism, especially considering that the ratio of appendage separation distance to appendage length also is nearly constant across metachronally stroking species (Murphy et al. 2011 ).
Hovering Energetics
[37] From an energetics perspective, hovering is less expensive than other swimming gaits and thus provides a baseline estimate of the minimum energy that krill must devote to locomotion, an important part of determining the energy budget of individual krill (Swadling et al. 2005) . Furthermore, hovering is behaviorally relevant since, at least when in aquaria, both Antarctic and Pacific krill spend the majority of their time hovering (Kils 1981; Endo 1993) . In this section, several different methods are used to estimate or measure the power required for hovering in Antarctic krill. These estimates are shown in Table 3 . First, the actuator disk analysis provides a new way to quantitatively estimate the energy required for hovering and indicates that a 43-mm krill must transfer 4.2 · 10 -6 W to the water to maintain its vertical position. Alternatively, Kils (1981) estimated the power necessary for hovering based on the energy necessary to lift an object the distance that it would fall in a given time period. Essentially, the required power was estimated as the animal's underwater weight multiplied by its sinking speed. For a 43-mm krill, the estimated power via this approach was 5.9 · 10 -6 W. [38] The power required for hovering can also be calculated directly from the PIV data by calculating the viscous energy dissipation at every point in the surrounding fluid and integrating over the flow volume. Based on the measurements reported herein, the mean energy dissipation rate estimated for the flow surrounding the pleopods and that estimated for the jet region were added together to give an estimate of the total power required for hovering of 2.9 · 10 -6 W. Also included in Table 3 W based on an assumption of uniform flow disturbance across the width of the krill. Most of the animals studied by Catton (2009) were performing fast forward swimming or in the transition region between hovering and fast forward swimming and had a mean swimming speed of 77 mm s -1 .
[39] The power required for hovering can also be estimated by measuring the animals' respiration rate (i.e. oxygen consumption) and, with certain assumptions, converting to power consumption. For instance, Swadling et al. (2005) measured the metabolic rates of Antarctic krill (mean length of 35.8 mm) swimming at various speeds and found rates ranging from 1.4 to 2.0 mg O 2 g dry mass -1 h -1 for krill swimming at 30 mm s -1 .
Earlier measurements by Kils (1981) for hovering krill were slightly lower at 1.28 mg O 2 g dry mass
. Converting the measurements of Swadling et al. (2005) to watts (assuming that 1 ml O 2 equals 0.698 mg O 2 and that 1 ml O 2 ¼ 19.9 J) yields an energy consumption of 5.6-8.0 · 10 -4 W, which, although several orders of magnitude greater than the values estimated theoretically and through viscous energy dissipation, does not account for muscle efficiency or hydromechanical energy losses. Furthermore, Kils (1981) estimated that hovering required only 60% of the krill's energy consumption. Applying this correction factor and assuming values of 0.25 for the muscle efficiency and 0.1 for the hydromechanical efficiency (Walker 2002 ) yields values in the range of 8.4 · 10 -6 W to 1.19 · 10 -5 W, which, although larger, is in line with the estimates and measurements made above. Furthermore, as noted by Swadling et al. (2005) , doubling krill mass decreases their oxygen consumption per dry mass by 4%-30%. According to the weight regressions by Kils (1981) , the 43-mm-long krill in the current study would have a mass approximately twice that of the smaller krill used by Swadling et al. (2005) . Applying this correction would bring Swadling's values into even closer agreement with those found in the current study.
[40] The independent methods used to estimate and measure the power required for hovering range from 2.9 · 10 -6 W to 11.9 · 10 -6 W (Table 3) and are fairly consistent, especially considering that respiration, and thus power consumption, varies considerably with temperature and animal mass (Swadling et al. 2005) . Each method of estimating the power has strengths and weaknesses. The actuator disk theory is dependent on a simplified model of pleopod area, which in actuality varies significantly throughout the stroke. However, this method allows an estimate of the power required for hovering from a simple morphological measurement of appendage surface area and could be applicable for other zooplanktonic species that produce a relatively constant jet-like flow when hovering. The power estimates from the PIV measurements offer direct calculation of the velocity gradients and energy dissipation rate but suffer slightly from not having visual access to the entire flow field. The flow regions behind the telson and beneath the field of view were not taken into account, and the power consumption is therefore slightly underestimated. Furthermore, the calculation of energy dissipation rate depends on velocity gradients, and the strength of those gradients depends on how much smoothing is done to the flow field in postprocessing.
Significance to Aquatic Environments
[41] The drag-based paddling technique used by Antarctic krill is common to almost all marine crustaceans at some life stage, including both larval forms that operate at low Re (i.e.,!100) and adult forms that operate at intermediate Re (i.e., 100 -5000). For both temporarily pelagic larvae and permanently pelagic adults, a central concern is the energy required to maintain their station in the water column (Wilkin and Jeffs 2011) . Although the role of lipid energy reserves in creating buoyancy is still being investigated in Antarctic krill and other planktonic species (Pond 2012) , much can be learned from studying the hydrodynamics of paddling. Although paddling, as performed by the Antarctic krill and other metachronally stroking species, is generally recognized as a low efficiency swimming technique (in comparison to jetting or lift-based locomotion), its wide use suggests other benefits. For example, simulations have shown that paddling appendages can generate higher thrust forces and thus can provide superior maneuverability (Walker and Westneat 2000; Vogel 2008 ). For Antarctic krill, the high thrust forces may be necessary to generate the lift needed for supporting its pelagic lifestyle, especially in the austral summer when its lipid storage is low. In conclusion, by obtaining high-resolution volumetric flow data surrounding a hovering Antarctic krill, this study has identified hydrodynamic mechanisms and design criteria that increase the effectiveness of and the force produced by the krill's metachronal swimming system, as well as provided new techniques for measuring the power consumption of zooplanktonic species.
